T lymphocytes play a key role in adaptive immunity and are activated by interactions of their T cell receptors (TCR) with peptides (p) derived from antigenic proteins bound to MHC gene products. The repertoire of T lymphocytes available in peripheral organs is tuned in the thymus. Immature T lymphocytes (thymocytes) interact with diverse endogenous peptides bound to MHC in the thymus. TCR expressed on thymocytes must bind weakly to endogenous pMHC (positive selection) but must not bind too strongly to them (negative selection) to emerge from the thymus. Negatively selecting pMHC ligands bind TCR with a binding affinity that exceeds a sharply defined (digital) threshold. In contrast, there is no sharp threshold separating positively selecting ligands from those that bind too weakly to elicit a response. We describe results of computer simulations and experiments, which suggest that the contrast between the characters of the positive and negative selection thresholds originates in differences in the way in which Ras proteins are activated by ligands of varying potency. The molecular mechanism suggested by our studies generates hypotheses for how genetic aberrations may dampen the digital negative selection response, with concomitant escape of autoimmune T lymphocytes from the thymus.
T lymphocytes play a key role in adaptive immunity and are activated by interactions of their T cell receptors (TCR) with peptides (p) derived from antigenic proteins bound to MHC gene products. The repertoire of T lymphocytes available in peripheral organs is tuned in the thymus. Immature T lymphocytes (thymocytes) interact with diverse endogenous peptides bound to MHC in the thymus. TCR expressed on thymocytes must bind weakly to endogenous pMHC (positive selection) but must not bind too strongly to them (negative selection) to emerge from the thymus. Negatively selecting pMHC ligands bind TCR with a binding affinity that exceeds a sharply defined (digital) threshold. In contrast, there is no sharp threshold separating positively selecting ligands from those that bind too weakly to elicit a response. We describe results of computer simulations and experiments, which suggest that the contrast between the characters of the positive and negative selection thresholds originates in differences in the way in which Ras proteins are activated by ligands of varying potency. The molecular mechanism suggested by our studies generates hypotheses for how genetic aberrations may dampen the digital negative selection response, with concomitant escape of autoimmune T lymphocytes from the thymus.
positive feedback ͉ Ras activation ͉ signal transduction ͉ T cell antigen receptor ͉ thymic development T lymphocytes (T cells) orchestrate adaptive immunity, and misregulation of their activity can lead to autoimmune diseases. T cell activation requires sufficiently strong binding of TCR expressed on T cell surfaces to pathogen-derived peptide-MHC (pMHC) complexes on the surface of antigen-presenting cells. TCR genes rearrange stochastically to generate a clonally distributed TCR repertoire that can recognize diverse pMHC complexes. Weak binding of TCRs to endogenous pMHC complexes confers self-tolerance.
The diverse but self-tolerant TCR repertoire is shaped by positive and negative selection of immature T cells (thymocytes) in the thymus (1, 2) . Thymic epithelial and stromal cells, as well as hematopoietically derived macrophages and dendritic cells, display pMHC complexes representing endogenous peptide products of the organism's genome. During positive selection, thymocytes bearing TCR that interact weakly with endogenous pMHC complexes receive survival signals that also promote differentiation. During negative selection, thymocytes expressing TCRs that bind too strongly to endogenous pMHC molecules are deleted by apoptosis, thereby aiming to eliminate T cells capable of autoimmune responses. Daniels et al. (3) reported remarkable results concerning the TCR-pMHC binding characteristics that result in positive or negative selection in fetal thymic organ culture. A central finding ( Fig. 1) is that the negative selection threshold is very sharply defined: a 1.2-fold difference in affinity of the TCR-pMHC complex separates the weakest negative selecting ligand from the strongest positive selector. In contrast, positive selection occurs to varying degrees over a broad range of ligand potency (i.e., the positive selection window is graded). Differences in amplitudes and spatial locations of signaling intermediates have led to hypotheses regarding differential signal propagation stimulated by ligands that mediate positive and negative selection (2) . However, the mechanism that underlies a graded range for positive selection and a sharp threshold for negative selection is not known.
We propose a mechanistic description based on computer simulations of a model that integrates diverse experimental data and known TCR-regulated signaling events. In lymphocytes, a key signaling intermediate, Ras (4) , is primarily activated by two families of Ras guanine exchange factors (GEFs), RasGRP (Ras guanyl nucleotide release protein) (5) and SOS (Son of Sevenless) (6) . Our findings indicate that weak stimulation of the TCR by positively selecting ligands activates Ras primarily by Ras-GRP, whereas only strong ligands can target SOS to the membrane. RasGRP-mediated Ras activation increases gradually as the stimulatory potency of ligands increases (an ''analogue'' response), which may underlie the graded increase in the fraction of selected thymocytes with ligand potency (Fig. 1) . Beyond a sharply defined threshold of ligand potency, there is a large increase in Ras activation due to positive feedback regulation of Ras activation by SOS (6, 7) . This sharp increase in Ras activation may separate ligands that stimulate positive and negative selection. Positive feedback regulation of Ras activation by SOS also results in a fluctuation-mediated bimodal activation of Ras for negatively selecting signals; that is, the response is ''digital'' in that cells are either ''on'' or ''off.'' Consistent with this prediction, in our experiments strong stimulation of thymocytes led to bimodal responses only when the SOS pathway was engaged. We predict that certain mutations to key signaling components would abolish the sharp potency boundary separating positive and negative selectors.
Initial Signaling Events. During TCR-pMHC engagement, the Src kinase Lck, bound to the CD4 or CD8 coreceptor, is recruited to the TCR complex and activated ( Fig. 2A) . Lck can phosphorylate the immunotyrosine activation motifs (ITAMs) within the CD3-and -chains of the TCR complex (8) . A doubly phosphorylated ITAM can bind a Syk kinase, ZAP70, which is subsequently activated by being phosphorylated by Lck or is transautophosphorylated by an ITAM-bound ZAP70 molecule (9, 10) . Ligands that bind the TCR with a longer half-life result in more efficient ITAM phosphorylation and hence greater amounts of activated ZAP70 molecules. Daniels et al. (3) reported a continuous increase of active ZAP70 as thymocytes Author contributions: A.P., J.Z., and J.D. performed research; A.P., J.Z., J.D., J.P.R., A.W., and A.C. analyzed data; J.P.R., A.W., and A.C. designed research; and A.P. and A.C. wrote the paper.
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were stimulated with ligands of greater potency (3) . Therefore, we use the amount of active ZAP70 as the surrogate for ligand potency.
Assembly of the LAT Signalsome. Activated ZAP70 can phosphorylate tyrosines on an adaptor molecule called linker for activation of T cells (LAT) (11) . Human and murine LAT contain nine conserved tyrosines which, when phosphorylated, can bind SH2 domains of several proteins to assemble a signaling complex (signalosome) (Fig. 2B) . Mutation experiments have shown that only three membrane distal tyrosines (denoted by Y132, Y171, and Y191) are necessary and sufficient for calcium signaling and can partially reconstitute Erk activation (12, 13) . Restoration of wild-type active Erk levels requires addition of both Y226 and Y110 (12, 13) . Because both Y226 and Y110 bind Grb2 (14), we subsume these tyrosines into one (denoted Y226). This reduction of the size of the computational model should not affect qualitative results. On the basis of mutation experiments, we assume that Y191, Y171, and Y226 are independently phosphorylated, whereas phosphorylation of Y132 requires prior phosphorylation of at least one other tyrosine (12) .
Experimental results (12) (13) (14) suggest the following minimal model ( Fig. 2 A and B) for the way in which the LAT signalosome is assembled: (i) PLC␥1 binds to pY132. (ii) Gads can bind to pY171 or pY191, and weakly to pY226 (14) . (iii) Gads bound to pY191 or pY171 recruits SLP-76. SLP-76 binds PLC␥1, stabilizing the resulting complex (14, 15) . (iv) Phosphorylated SLP-76 (by ZAP70) is associated with the kinase Itk and the guanine exchange factor Vav (15, 16) . Itk, a tyrosine kinase, activates PLC␥1. SLP-76 is strongly associated with Gads (17) . Therefore, we subsume Itk, SLP-76, and Gads into one species. Because we focus on Ras activation (reasons described below), we do not include Vav in our model. (v) Grb2's SH2 domain can bind to phosphorylated Y171, Y191, and Y226 (12) (13) (14) . Grb2 binds most strongly to pY191 if other proteins are not bound to LAT (14) . If Gads is bound to pY191 or pY171 and Grb2 is bound to pY226, mutual interactions cooperatively stabilize the resulting complex (12, 14) . (vi) We assume that Grb2 and SOS are constitutively associated because SOS' C-terminal proline-rich regions bind SH3 domains of Grb2 with high affinity (18) . Experimental facts indicate that pY171 and pY191 have similar functions, so we subsume both into one (referred to as Y191).
Ras Activation. Ras, a membrane-bound signaling protein, exists in inactive (GDP-bound) or active (GTP-bound) states (4) . In T cells, Ras is primarily activated by two families of GEFs, RasGRP (5) and SOS (18) . A third family, RasGRF2, is believed to be dispensable for normal thymocyte development (19), hence we do not include it. RasGRP is activated by diacylglycerol (DAG), which is produced by active PLC␥1 cleaving PIP2 on the cell membrane. SOS is recruited to the membrane via the binding of Grb2 to LAT (11) . The catalytic domain of SOS binds RasGDP, thereby facilitating nucleotide release and subsequent binding of abundantly present GTP. SOS has an ''allosteric pocket'' distal from the catalytic domain that can bind nucleotide-associated Ras (6, 7). The basal catalytic rate of Ras activation by SOS is very low. If RasGDP binds to the distal site, the catalytic rate is approximately five times larger than the basal rate. However, if RasGTP is bound to the allosteric pocket, Ras activation occurs at approximately 75 times the basal rate (6, 7). Thus, there is a positive feedback loop associated with SOSmediated Ras activation (Fig. 2C ).
Active Ras is the Readout of Signaling. Positive selection requires ERK activation (2) . ERK and other MAPK pathways, especially the JNK pathway, are involved in normal negative selection (2). However, some experiments suggest that negative selection may take place in the absence of Erk (20) but not JNK (21) . Because activation of both the ERK and JNK pathways requires Ras activation (22) , we chose active Ras as the readout of signaling. Strong (and transient) activation of ERK correlates with negative selection, whereas weak (and sustained) activation of ERK is required for positive selection (2). We therefore associate strong and weak Ras signals with negative and positive selection, respectively. Many mechanisms can explain how a strong signal is turned off more rapidly than weaker signals (23, 24) , and so we did not model how signals are turned off. ) reported an approximately twofold difference in phosphorylated LAT levels between the weakest negative selector and the strongest positive selector and similar differences in the levels of active ZAP70. The Inset in Fig. 3A shows that our calculations yield similar results. However, the sharpness of the increase in total phosphotyrosines on LAT depends on the rate at which ZAP70 phosphorylates its substrate (See SI).
Results

Only Strong Ligands Can Generate
An important subtlety is revealed by our computer simulations. Stimulation with weak ligands results in very few fully phosphorylated LAT molecules, and most LAT molecules are partially phosphorylated (Fig. 3 B and C) . Because of multisite phosphorylation (25) and cooperativity (phosphorylation of Y132 requires another tyrosine to be phosphorylated), the number of fully phosphorylated LAT molecules is a weak sigmoidal function (Hill coefficient of approximately 2) of the ligand potency (Fig. 3 B and C) . The sharpness of the response depends on the rates for phosphorylation and dephosphorylation of LAT tyrosines (see SI). The qualitative difference in the amount of fully phosphorylated LAT molecules as ligand potency is varied has important consequences for assembly of the LAT signalosome when thymocytes are stimulated by weak (positively selecting) and strong (negatively selecting) ligands.
Efficient Recruitment of PLC␥1 and Activation of RasGRP Does Not
Require Fully Phosphorylated LAT, But Stable Grb2/SOS Recruitment Does. LAT molecules phosphorylated only on the Y132 and the Y191 sites can support an incomplete signalosome consisting of PLC␥1 and Gads/SLP76 that is sufficient for activation of PLC␥1 (Fig. 2B) . Thus, weak ligands that result in mostly partially phosphorylated LAT molecules (Fig. 3B ) can activate PLC␥1 (Fig. 3D) . The hydrolysis of PIP2 by activated PLC␥1 generates DAG (in addition to inositol Tris-phosphate), which is required for bringing RasGRP to the membrane and its GEF activity. Because PIP2 is present at high local concentrations in lipid rafts where LAT resides, a relatively small amount of activated PLC␥1 can activate most of the RasGRP molecules in the simulation volume (Fig. 3D) . Thus, RasGRP's GEF activity is stimulated by weak ligands.
In contrast to RasGRP, the GEF activity of Grb2/SOS is not stimulated efficiently by weak ligands. Grb2/SOS can bind independently to pY171, pY226, and pY191, but these interactions are weak. Because of multiple cooperative interactions, the most stable binding of Grb2/SOS to LAT occurs when Grb2/SOS is bound to pY226, Gads/SLP76 is bound to pY191, and PLC␥1 is bound on pY132 (Fig. 2B) (12, 14) . Therefore, strong binding of Grb2/SOS to LAT requires that LAT is fully phosphorylated, and stably recruited Grb2/SOS molecules and fully phosphorylated LAT track each other as a function of ligand potency (Fig.  3 B and D) .
These results suggest that SOS will be recruited efficiently to the membrane only when thymocytes are stimulated by strong (negatively selecting) ligands. This is consistent with the results of Daniels et al. (3) , who found that negatively selecting ligands stimulate efficient recruitment of Grb2/SOS to the plasma membrane, whereas positively selecting ligands do not.
The results depicted in Fig. 3 show that there is a separation in the range of signal strengths over which RasGRP can act but SOS cannot. This conclusion is robust to variations in parameters over wide ranges (see tables in SI). The main requirement for this effect is the cooperativity in the formation of the LAT signalsome that experiments suggest (14) . Note that the reported clustering of LAT due to SOS molecules binding more than one Grb2 molecule (26), which we have not included in this model, would lead to further enhancement of these cooperative effects.
Graded Increase in Ras Activation for Weakly Stimulatory Ligands May
Underlie the Analogue Threshold for Positive Selection. Fig. 4 shows our computer simulation results for Ras activation (readout for signaling). For weakly stimulatory ligands that generate small amounts of activated ZAP70, activated Ras levels are low, and most of the Ras molecules are activated by RasGRP and not SOS (Fig. 4B) . This is because weakly stimulatory ligands can activate the GEF activity of RasGRP but not SOS (Fig. 3) . RasGRPmediated Ras activation results in a graded response to increas- ing ligand potency because its catalytic function is not known to be subject to positive feedback regulation (7) .
These results suggest that signaling stimulated by weak positively selecting ligands is mediated by Ras activation via Ras-GRP. Furthermore, the observed graded positive selection window (5) may be because RasGRP-mediated signaling increases in analogue fashion as ligand potency increases (Fig. 4 A  and B) .
A Sharp Increase in Ras Activation Beyond a Threshold Ligand Potency
May Underlie the Digital Negative Selection Threshold. We find that there is a sharp increase in RasGTP level when ligand potency exceeds a threshold and that this is due to SOS-mediated Ras activation (Fig. 4A) . The sharp threshold is the result of positive feedback regulation of SOS' GEF activity. The feedback loop ignites a high rate of RasGTP production when a threshold amount of SOS has been targeted to the membrane by fully phosphorylated LAT molecules and a sufficient number of them have RasGTP bound to the allosteric site.
Negative selection correlates with high levels of signaling and positive selection with low levels. Fig. 4 shows that ligands that induce high and low levels of Ras activation are separated by a sharply defined boundary. This suggests that the observed sharp boundary between positive and negative selectors may result from ''digital'' Ras activation by SOS.
Extensive parameter sensitivity analyses (SI) show that the qualitative results shown in Fig. 4 hold for wide ranges of parameters, provided some basic conditions are met: (i) a positive feedback loop in catalytic Ras activation by SOS, and (ii) Ras activation by RasGRP be sufficiently weaker than the largest rate at which SOS activates Ras. Fig. 5A shows histograms of Ras activity from 4,000 stochastic computer simulations of stimulation by a strong ligand. Each simulation (or trajectory) corresponds to a different cell. The simulations predict that, initially, most cells exhibit low levels of Ras activity. At later time points, a bimodal pattern of signaling is predicted as a second population of cells exhibiting much higher levels of active Ras emerges; that is, thymocytes are ''on'' or ''off.'' Bimodality is the consequence of positive feedback regulation of SOS resulting in a bifurcation, whereby a single stable solution transforms into two stable solutions and an unstable solution when stimulus exceeds a threshold value (27) . Positive feedback is one of the biological motifs that are known to show bistability and switch-like responses (28) . In the bistable region, because of fluctuations, different trajectories (cells) correspond to one of the two stable solutions.
Bimodal and Unimodal Signaling in Thymocytes.
We tested these predictions by carrying out experiments with double-positive and single-positive thymocytes (described in Methods). Single-cell assays for RasGTP levels are technically not feasible; so, we monitored ERK phosphorylation by FACS in single thymocytes, downstream of the Ras-RAF-MEK-ERK pathway. We focused our analyses on single-positive thymocytes because this subset expresses higher levels of TCR, and engagement of only the TCR on these cells effectively induces ERK phosphorylation. Fig. 5B shows that the expectations from the computer simulations are correct, with cells being either ''on'' or ''off.'' Similar experiments cross-linking both TCR and CD4 on double-positive thymocytes also demonstrate induction of digital ERK phosphorylation (data not shown).
The experimental results also imply that SOS is required for the bimodal activation of Erk. Stimulation of lymphocytes using phorbol myristate acetate (PMA) directly activates the RasGRP pathway and does not target SOS to the membrane. Fig. 5C shows that thymocytes exhibit a unimodal pattern of signaling when stimulated by PMA, a result that is true at all doses. This result is consistent with simulations (Fig. 5A, Inset) performed by increasing active levels of DAG (which stimulate RasGRP activity but not SOS). Note that the small analogue shift in the Erk signal in Fig. 5D is also observed in our computer simulations (Fig. 5A) and is a result of early analogue signaling due to RasGRP.
We find that for the parameters used in Figs. 3 and 4 , the bimodal response emerges at times longer than the 2-or 3-min time observed in experiments (Fig. 5B) . However, simple changes in parameters can reduce the time at which bimodality emerges without changing qualitative behavior (see SI). Kuriyan and coworkers have noted that the in vivo rate of SOS' GEF activity may be much higher than that measured in vitro (29) . A fivefold increase in this rate, in addition to reducing the RasGDP level (unknown in thymocytes) to 75 molecules/m 2 and a lower rate of DAG production, results in bimodality at Ϸ4 min (Fig.  5A) . In addition, all our simulations start with no basal level of active Ras. The distribution of basal Ras activity in real cells would accelerate the time at which bimodality emerges.
In Silico ''Mutation Experiments'' Are in Accord with Available Data and Make Experimentally Testable Predictions. We have carried out simulations of the model shown in Fig. 2 with various ''in silico mutations'' to help design experiments that can test whether digital Ras signaling predicates the sharp discrimination between ligands that stimulate positive and negative selection (Fig. 6) . Parameter sensitivity analyses support our conclusions (see SI).
The Y132F mutation prevents PLC␥1 binding to LAT, thereby inhibiting the activity of RasGRP. This also inhibits Ras activation by SOS because PLC␥1 is essential for forming complete LAT signalosomes, and the RasGRP pathway helps prime the SOS feedback loop (30) . We expect, and prior experiments confirm, that both positive and negative selection are severely impaired in mice with this mutation (31) . However peripheral T cells that do emerge participate in an uncontrolled lymphoproliferative syndrome (31) . This could be due to altered signaling pathways or because TCRs with high affinity to endogenous pMHC that would normally be negatively selected are positively selected in mice with this mutation. T cells with such TCRs would be activated by endogenous pMHC expressed more abundantly in peripheral organs.
Gads plays an important role in activating PLC␥1 by recruiting SLP76-Itk to the signalosome and stabilizes the binding of both PLC␥1 and Grb2 to LAT (Fig. 2) . Therefore, deletion of Gads from our model has a profound effect on Ras activation (Fig. 6 and SI) because it affects signaling by both Ras GEFs. In accord, both positive and negative selection is severely impaired in Gads -/-mice (32). Gads bound on Y191 activates PLC␥1 on Y132 and stabilizes both PLC␥1 on Y132 and Grb2/SOS on Y226. Hence, mutating Y191 to phenylalanine has the effects associated with the Gads -/-phenotype ( Fig. 6 and SI) . In the Y226F mutation, positive selecting signals are unaffected, but negative selection seems to be abrogated (Fig. 6) . Parameter sensitivity analysis (see SI), however, indicates a less severe phenotype, because negative selection may be possible at higher ligand potencies. Note that Y191 and Y226 in our model are proxies for multiple tyrosines on LAT, and results obtained by mutating them need to be interpreted with care.
Computer simulations of a model where SOS is deleted (Fig.  6) show that the sharp rise in signaling beyond a threshold potency of the ligand is abrogated. However, signaling levels are not affected much for weakly stimulatory ligands because the RasGRP pathway is unaffected. Thus, we predict that SOS deficiency should result in profound defects in negative selection but essentially normal positive selection. Although thymocyte development in SOS1-/-or SOS2-/-mice has not been examined, haplodeficiency of Grb2 (which recruits SOS) affects only negative selection (33) . Our simulations also predict that blocking feedback regulation of the GEF activity of SOS in experiments such as those carried out by Daniels et al. (3) would abrogate the sharp boundary separating ligands that stimulate positive and negative selection (see SI).
Discussion
The sharp threshold in TCR-pMHC binding characteristics that defines the border between negative and positive selection is expected to suppress fluctuation-mediated escape of potentially autoreactive T cells. The graded response of thymocytes to positively selecting ligands determines diversity of the available T cell repertoire. Therefore, the mechanistic origin of these observations (3) is important for understanding how the T cell repertoire is selected and the consequences of its aberrant regulation.
Our study provides such a mechanistic description. Cooperative assembly of the LAT signalosome results in a separation in the range of ligand potencies that can stimulate the GEF activity of SOS and RasGRP. Weak ligands activate Ras primarily via RasGRP, whereas targeting SOS to the membrane requires strong ligands. Because RasGRP's GEF activity is not subject to feedback regulation, signaling increases in a graded manner with ligand potency when this path to Ras activation is dominant, and this underlies the analogue response of thymocytes to different weakly stimulatory positively selecting ligands. Because of positive feedback regulation of SOS, active Ras levels increase dramatically above a threshold level of stimulus. This underlies the sharply defined boundary separating ligands that stimulate positive and negative selection.
An alternative scenario is that the large increase in Ras production due to the feedback loop in SOS serves only to ignite downstream feedback loops that are necessary for the digital response. Candidates for such downstream signaling modules include the MAPK pathway (34) , especially feedback to upstream signaling through cytoplasmic phospholipase 2 (cpla2). cpla2 is absent in mature lymphocytes, and this may be why our recent results show that feedback regulation of SOS underlies a digital response in mature T cells (27) . Although cpla2 is present in thymocytes (35) , the unimodal ERK response to PMA stimulation seen in our experiments (Fig. 5C ) seems to suggest that digital ERK signaling is predicated upon digital Ras activation by SOS.
It has been suggested that compartmentalization of Ras signaling plays a role in the selection process; that is, positively selecting ligands stimulate RasGTP signals mainly at the Golgi, whereas negatively selecting ligands lead to high levels of RasGTP at the plasma membrane (3). TCR ligation leads to RasGRP translocation at both the plasma membrane and the Golgi, where it can be activated by DAG (30) and can activate Ras. SOS activates Ras only at the plasma membrane (36) . Incorporation of these assumptions in our signaling model (see SI) leads to the result that positively selecting ligands stimulate Ras activation via RasGRP at the Golgi, whereas negatively selecting ligands induce Ras activity primarily at the plasma membrane (see SI).
Our proposed mechanism is consistent with diverse experimental data, including the following: RasGRP1 deficiency results in defective positive, but normal negative selection (37); Grb2-haplodeficient mice exhibit defects in negative, but not positive, selection (33) ; Grb2/SOS is recruited efficiently to the plasma membrane by negatively selecting ligands, but not positively selecting ligands (5); and deletion of Gads severely impairs both positive and negative selection (32) . Tests of our proposal that specific mutations would abrogate the sharp boundary separating positive and negative selecting ligands would further enhance our understanding of signaling during T cell development.
Methods
Computational Studies. We simulated the signaling pathway shown in Fig. 2 on a computer using the Gillespie algorithm (37), which accounts for the effects of stochastic fluctuations (details in SI). Noise and fluctuations have been shown to have important effects on biochemical networks involved in gene regulation and signaling (including T cell signaling) (28) . Indeed, we show that intrinsic fluctuations lead to the emergence of bimodality in Ras activation and compare these predictions with experiments (see below).
The kinetic parameters used in the simulations are provided in the SI. Parameters for several reactions, particularly crucial ones measuring the catalytic conversion of RasGDP to RasGTP, are known. We have used biologically reasonable estimates for the unknown parameters and have tested the robustness of the qualitative results to wide variations (by a factor of 25) in the chosen values (see SI).
Experimental Studies. To test some of the predictions of the computer simulations, we carried out experiments assaying signaling in thymocytes. Singlecell suspensions of primary thymocytes in DMEM were rested at 37°C for at least 45 min before stimulation. Cells were stimulated through their TCR using anti-CD3 hamster antimouse antibody (2C11 clone, Harlan) followed by crosslinking with goat anti-Armenian hamster Ig (HϩL) (Jackson Immunoresearch Laboratories; final concentration of 50 g/ml). 2C11 was used at a final concentration of either 5 g/ml (WEAK) or 25 g/ml (STRONG). Alternatively, cells were stimulated with PMA, used at a 125-g/ml WEAK or 250-g/ml STRONG dose. Cells were fixed for 20 min with 150 l fixation buffer (Cytofix/ Cytoperm, BD Biosciences), washed twice in staining buffer (SB; Ca/Mg free PBS, 2 mM EDTA, 3% FCS), and permeabilized for 30 min on ice by drop-wise addition of 200 l 100% methanol (at Ϫ20°C) to a loosened cell pellet. The sample was rehydrated in SB ϫ 30 min and washed two times in SB. Cells were stained for 45 min at room temperature in 50 l SB containing 1 l Phosphop44/42 MAP Kinase (Thr-204/Tyr-204) antibody (Cell Signaling) and 1 l Fc receptor block (2.4G2; BD Biosciences). Subsequently, cells were washed two times in SB and stained for 45 min at room temperature with 50 l SB containing 1 l 2.4G2, 1 l APC-conjugated AffiniPure F(abЈ)2 fragment donkey antirabbit IgG (Jackson Immunoresearch Laboratories), cell-surface staining for CD4 (anti-CD4-PE) and CD8 (anti-CD8-FITC, both BD Biosciences.) Cells were then washed two times in SB and directly analyzed by FACS. Cell-surface stainings were used to gate on ERK phosphorylation in specific thymocyte subsets.
